Introduction
Technically, total knee replacement (TKR) has developed into one of the most successful procedures in modern medicine [6, 17, 21, 23] . Not surprisingly therefore [14, 19, 20, 26] attention in the TKR community is shifting towards quality of life issues. After TKR a majority of patients continue to have problems with everyday movements such as climbing stairs and getting in and out of cars [11] . Thus monitoring functional abilities is currently turning into an important research topic in the field of TKR.
Functional abilities of patients in performing activities of daily living (ADL) can be assessed either subjectively or objectively. Subjective measurement usually relies on visual analogue scales or on questionnaires filled-in by the patient or by the physician. Given the possibility of physician bias and the time demands on the medical system, most Abstract We present the rationale and design of the DynaPort knee test. The test aims at measuring knee patients' functional abilities in an unobtrusive, user-friendly way. Test persons wear several belts around their trunk and legs. The belts contain accelerometers, the signals of which are stored in a recorder, embedded in one of the belts. The knee test consists of a set of 29 tasks related to activities of daily life ("test items"). Accelerometer signals are analyzed in terms of 30 "movement features" (accelerations, angles, durations, frequencies, and some dimensionless numbers). In data analysis, the beginning and end of each test item is marked by hand; otherwise, analysis is automatic. We compared 140 knee patients with 32 healthy controls and found 541 of the 29×30=870 test item × movement feature combinations differed significantly between the two groups. From these 541 combinations the DynaPort knee score is calculated by the weighted averages of movement features per item, then weighted averages of items per cluster (locomotion, rising and descending, transfers, lifting and moving objects), and finally the average of the clusters. In an initial study the test-retest reliability of the knee test proved high, and the test turned out to be sufficiently responsive (0.7 patients' standard deviations improvement after 24 months). However, it remains difficult to interpret the scores in more meaningful terms than merely "better" or "worse." Extensive reliability studies in the future will further assess the validity of the test and provide more insight into the meaning of the scores. The DynaPort knee test may thus become an important instrument for evaluating patients' functional abilities in knee-related clinical practice and research. authors prefer patient-based assessment [10, 13, 18, 30] . Still, the patients' own reports may also be biased, for instance, when their report on the actual situation is influenced by their expectations [34] . Moreover, patients may confuse the dimensions in question. In the Western Ontario MacMasters Osteoarthritis Index patients with both pain and functional problems were unable to distinguish between the two [27] . Finally, patients' self-reports may be unreliable, for example, in the cognitively impaired [1, 12] .
Thus, in addition to patients' self-reports, objective data in monitoring patients' functional abilities [24, 28] is also needed. Current objective measurement systems (such as electromyography, force platforms, optokinematic systems), however, are time consuming and require sophisticated laboratories. In view of this problem an accelerometerbased, user-friendly system was developed, the DynaPort knee test, which objectively assesses functional abilities in a standardized set of tasks, closely related to ADL. In principle the knee test can be used for all kinds of patients with knee problems. Since the test may prove important for clinical practice and research, especially in TKR, the present contribution summarizes the rationale behind and the design of the DynaPort knee test.
The DynaPort knee test
The DynaPort knee test (McRoberts, The Hague, The Netherlands) was developed to objectively assess knee-related functional abilities in an unobtrusive, user-friendly way. Test persons wear five belts around their trunk and legs ( Fig. 1) , over their clothing. The belts contain sensors (accelerometers), the signals of which are stored in a recorder, embedded in one of the belts. The whole system can easily be transported, and measurement can take place anywhere.
The belts consist of neoprene straps that can be fixed with Velcro. The data recorder (125×95×34 mm, 295 g) has a 10 Mb PC card on which data are stored at a sample frequency of 32 Hz. There are three penlight batteries. The accelerometers are uniaxial, piezoresistive (IC sensors 3031) with a frequency range of 0-400 Hz and are able to measure up to ±5 g (g being 9.8m/s 2 ). Interpretation of the accelerometer signals [32] must consider gravitational acceleration (given the position, that is, the inclination of the sensor).
In the DynaPort knee test the recorder box is stored ventrally in a belt around the waist. User instructions are digitally displayed on the box. There are six accelerometers connected with the recorder through wires. Two of the accelerometers are located in the recorder box; when the test person is standing upright, one of these sensors registers vertical acceleration and the other sagittal acceleration. The remaining four sensors, which in upright stance all register vertical acceleration, are attached over the sternum, around the left thigh and around the two shanks.
A standardized set of 29 test items
Tasks were selected for the DynaPort knee test with the following rationale: The tasks should match as closely as possible ADL that are problematic for patients with knee complaints, or in which the knee plays a central role, while the whole set of tasks should be easy to perform routinely (excluding, for instance, getting in and out of the bath, or in and out of a car). To give one example of how this rationale was used, getting into a bus was "translated" into stepping onto a wooden block 40 cm high.
Based on the literature [2, 25] , and using common sense, a list of 29 test items was constructed, grouped into 14 tasks (Table 1) . These tasks can be categorized under: locomotion (walking), rising and descending (stairs, slopes, and wooden blocks), lifting and moving (carrying a tray or a bag, picking up a weight, and walking with a shopping trolley), and transfers (going to sit or lie down and then standing up again, as well as bending forwards to pick up a weight and returning to the upright position). To standardize the test a standard package with all equipment is included in the test material (such as wooden blocks, stairs of three steps, a slope, etc.).
The DynaPort knee test, which takes about 30 min to perform, is carried out under supervision, usually by a physical therapist. The supervisor is responsible for proper attachment of the belts, gives the instructions, and com- pletes an observation form, noting which items are not performed by the test person. Test persons are instructed to perform the test items at their own pace, while they are free to skip an item whenever they consider it too difficult.
Semiautomated signal analysis
After the knee test the data from the six accelerometers are transferred from the memory card to a PC software environment, DynaScope (McRoberts; using routines that were originally developed by Inspector Research Systems, Amsterdam, The Netherlands). Data are displayed graphically in DynaScope. The beginning and end of each of the 29 test items is marked by hand.
In open discussions, using clinical reasoning, common sense, and considerations of programming efficiency, relevant signal properties of each of the 29 time series were selected. Per item the same 30 "movement features" (Table 2 ) are calculated by dedicated software (written in signal processing language as used in DynaScope), yielding a total of 29×30=870 data per DynaPort knee test. In general, a large number of independent estimators enhance the reliability of a test [8] , but the movement features of the DynaPort knee test are expected to have a definite dependence structure, which remains to be investigated, while the reliability of the knee test as a whole deserves separate attention (see below).
All signal properties are derived from the original accelerometer signals, while several movement features are calculated in terms of angle, duration (time), frequency, or a dimensionless number (Table 2) . By way of example of a calculation, Fig. 2 presents the procedure for movement features 9 and 10 (forward acceleration right and left). Right and left step are differentiated by using the synchro-206 nous left thigh signal, the vertical distance is calculated from the minimum to the first ensuing maximum ("peak to peak amplitude"), and these differences are then averaged over the entire time series. During the development of the procedures to calculate the movement features, these were given provisional names (Table 2) . Such names facilitate communication, but are not necessarily meaningful. " Step left" (movement feature 20) during "lie down and stand up" (Table 1 , item 24), for instance, can be calculated without problems, but remains at present impossible to interpret meaningfully. Instead of directly entering the analysis of the "meaning" of the scores, however, it was decided to first focus on more technical properties of the DynaPort knee test: discrimination, reliability, responsiveness.
207 Table 2 Signal properties that are calculated (the "movement features"). In total 30 movement features are calculated from the raw accelerometer signals. These movement features are accelerations (1-10), angles (11) (12) (13) (14) , durations (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) Step left From right to left heelstrike 21
Step Step left minus step right (as % of mean step time)
a Unless indicated otherwise b After high-pass filtering (2 Hz); before calculating the mean, values ≤0.5m/s 2 are discarded; for movement feature 1, vector length is calculated as the square root of the sum of the squares of the two signals c Minus 1 g (to correct for normal gravity) d Mean difference between signal at heel strike and the ensuing peak (since it is assumed that heel strike occurs at a minimum, this is a peak to peak amplitude) e After low-pass filtering (1 Hz); angles are calculated with respect to the horizontal axis; an interpolation algorithm is used that assumes 1 g in the vertical sensor to be 90°, and 0 g to be 0°f
Per test item, the selection is made by hand g The relationships between leg and waist angles plus the deviation of waist position from the vertical axis (all after low pass filtering) are used to pinpoint sitting (or going to sit/going to stand up), lying down (or going to lie down/getting up), and bending h Toe off is assumed to occur at a maximum in the forward acceleration of the waist Discrimination between healthy subjects and knee patients "Discrimination" by the DynaPort knee test was operationalized tautologically: Only those test item × movement feature combinations are used to calculate the final test scores that were shown to significantly discriminate between healthy subjects and knee patients (unpaired t tests, P<0.01). In principle, such a circular definition may allow for using the knee test as "gold standard" for ADL problems in knee patients. At four general hospitals in The Netherlands a total of 140 persons with knee problems volunteered to undergo a DynaPort knee test. Most of them had been diagnosed with osteoarthritis of the knee and were waiting for TKR. Of their partners, 32 persons without knee problems agreed to be tested as well. Gender, age, height, and weight were noted. Testing was conducted at the Physical Therapy Departments of the participating hospitals. At final analysis (Table 3 ) data on age, height, and weight were missing from two healthy subjects, height of five TKR subjects, and weight of three TKR subjects.
The majority of item × movement feature combinations (541/870, Table 4 ) discriminated significantly between the healthy subjects and the TKR patients. The number of significant differences per item ranged from 10 to 24 (out of 30) and per movement feature from 1 to 29 (out of 29). Almost always, when significantly different accelerations were found, the healthy subjects had higher values than the TKR patients (213/ 216 times). This was less so for the angles (38/52 significant differences revealed higher values for the healthy subjects), while almost all significantly different durations (195/198) revealed longer durations for the patients.
It is important to note that a relatively large proportion of the TKR patients were women, which may render the interpretation of the statistical results ambiguous. Other healthy persons and other TKR patients may have yielded a slightly different subset of the test item × movement feature combinations to be used. Thus the validity of the DynaPort knee test needs to be studied separately (see below).
Calculation of the scores
For ease of interpretation each of the 541 scores (the significant differences in Table 4 ) is transformed to a scale of 0-100. In this scalar transformation, performed automatically in Microsoft Excel, "0" represents the mean score of the TKR patients (see above) minus 1 SD (or, if the patient scores exceeded those of the healthy subjects, plus 1 SD) while "100" represents the mean score of the healthy subjects plus one standard-deviation (or, as in the above, minus one standard-deviation). Scores below 0 and above 100 are cut off at 0 and 100. Scores for items that were not performed by the test person, are set at 0.
Item scores are weighted averages of their movement features. On theoretical grounds, subsets of movement features (see Table 2 ) were expected to be strongly correlated: 3-4, 7-8, 9-10, 13-14, 15-16, 18-19, 20-25, and 27-28 . Therefore the subsets in question are first replaced by their mean value before calculating the item score as an overall average. Cluster scores are then calculated as weighted averages of item scores (Table 5) : locomotion, rising and descending, transfers (changes in posture), and lifting and moving objects. Finally, the four cluster scores are averaged to calculate the overall DynaPort knee score.
Preliminary data on reliability and validity (responsiveness)
In view of the methodological problems mentioned above, it was deemed necessary to obtain preliminary information on the reliability and validity (responsiveness) of the Table 2 ). Right and left step are differentiated by using the synchronous left thigh signal, the vertical distance is calculated from the minimum to the first ensuing maximum ("peak to peak amplitude"), and these differences are then averaged over the whole time series DynaPort knee test before actually using it. The studies in question, already published in abstract form [31] , will be reported elsewhere in more detail (29) . In a test-retest study with 37 healthy subjects, measured twice after an interval of 1 week the reliability of the DynaPort knee test was found to be high, with an overall intraclass correlation of 0.81 (95% confidence interval 0.69-0.93) and values for the clusters ranging from 0.73 (95% CI 0.58-0.89) to 0.84 (95% CI 0.73-0.94). Note that all these values are significant.
In a longitudinal study of 244 knee patients DynaPort knee scores were collected before TKR and 3, 6, 12, and 24 months after the operation. Not all patients could be measured at all time points. There was a clear trend to improvement (Fig. 3) , with an average size of effect after 24 months (mean improvement) of 0.7 (when expressed in preoperative standard deviations of the TKR patients) or 1.5 (standard deviations of the healthy group). Such responsiveness is satisfactory [4] , to say the least.
Discussion
The DynaPort knee test was developed to bridge the gap between subjective clinical assessment of patients with knee problems and objective data from the movement analysis laboratory. The knee test aims at being both objective and easy to use. The test is portable, can be applied easily by health care workers, and is unobtrusive for the patient. Test persons wear belts which contain accelerometers, used to register movements during a set of task items that is closely related to ADL. Movement features are calculated from the raw data. A predetermined set of item × movement feature combinations is used to calculate the DynaPort knee score on a scale from 0 to 100, cluster scores aiming to give specific information on locomotion, rising and descending, transfers, and lifting and moving objects.
Present problems
If the DynaPort knee test fulfills its promise, we feel that it will be an important instrument in both clinical practice and research. However, this is not at all unproblematic. Presently, the knee test relies only on accelerometers and does not specifically analyze angular rotations. The importance of angular rotations in, for instance, walking has been established [15, 16] , and presently the use of gyroscopes (angular velocity) is under investigation. So far about 250 TKR patients have been measured with the DynaPort knee test in a total of about 1,000 measurements. During these measurements, there has been no accident whatever, confirming that the knee test is safe. Patients, however, often complain that they have trouble with test items in which they must sit deeply and then get up again. Thus, these items are often omitted. Measurements have been performed in about ten hospitals, the first being the Gemini Hospital, Den Helder, The Netherlands. Physiotherapists reported substantial satisfaction because it helped them to communicate with orthopedic surgeons about objective patient characteristics. In view of the importance of (quantity and quality of) communication in TKR care [5, 9] , this effect may positively contribute to quality of care. So far, however, the experiences of the health care workers involved have been reported only in an informal manner.
The DynaPort knee test aims at being objective. While data acquisition and score calculation are largely straightforward, the beginning and the end of a test item are presently determined by hand in DynaScope. Procedures are under development to completely automate data analysis.
The test items of the DynaPort knee test are clearly ADL related. Still, the test is performed in a special setting and does not reveal how much the patients move 210 As to the problem of the "meaning" of the scores, health care workers have informally reported that they find it difficult to relate the scores to variables that are known already. So far, the scores of the knee test can only be interpreted in terms of themselves (that is, in the time series of the individual patient, or in mutual comparison among patients). In order to develop a more meaningful interpretation of the scores, specific studies on construct validity will be needed.
Future development
A major problem in the development of the DynaPort knee test was that the majority of the reference group of healthy subjects were men, while most knee patients are women. This could in theory suggest that the knee test actually measures "being female" rather than "having knee problems," were it not for the fact that, fortunately, scores improved after TKR. Still, comparison between scores of patients and those of a large group healthy persons matched for age, gender, height, and weight clearly remains a first priority. Similarly, measurement with various groups of patients (for instance, patients with hip problems, or with low back problems) may reveal the specificity of the knee test.
Reliability studies must include patient groups (which will probably lead to even higher intraclass correlations [8] ) and allow determination of the various sources of variance, such as the test leader (who may or may not decide to encourage the patient).
The data of such reliability studies can also be used to address the issue of validity more specifically. Factor analysis or similar techniques can be used to pinpoint redundant items and/or movement features and to reveal the actual dimensionality of the knee score. The dimensions thus found can be related to variables from the movement analysis laboratory, particularly coordination [15, 16] . Moreover, knee test scores can be related to ADL (24-h monitoring [3, 32] ), and to radiographic fluoroscopy, the latter to assess the relationship between properties of the prosthesis and patients' functional abilities.
In our opinion, the DynaPort knee test should be used together with self-reported quality of life. It is important to note that such different levels of organization are usually (29) not correlated more strongly than at approx. 0.4 (i.e., 16% common variance). Because of pain reduction self-reported quality of life may increase more quickly after TKR than the knee score. On the other hand, it is known from the literature that even 1 year after surgery TKR patients still have problems with everyday movements [7, 22, 33] . To monitor such problems the knee test may become the instrument of choice for movement-oriented health professionals dealing with TKR patients.
In addition to monitoring, an interesting question is whether the DynaPort knee test can discriminate between different groups of patients (for instance, osteoarthritis versus rheumatoid arthritis). Moreover, the prognostic value of the knee score needs to be established (presently under investigation). Finally, the knee score will, we think, prove to be a useful dependent variable for orthopedic surgery to determine the effects of TKR in terms of the patient's functional abilities. Presently, in cooperation with the European Society for Sports Traumatology, Knee Surgery and Arthroscopy (ESSKA), data are being analyzed comparing different types of knee prosthesis (presented at the 9th ESSKA Congress, London, September 2000). Again, the kinematics of the prosthesis and the patient's functional abilities are variables at different levels of organization, suggesting that low correlations should to be expected. Indeed, with the small groups studied so far (about 10 patients per prosthesis), no significant differences have been found. Still, there was a significant effect of weight, with heavier patients having lower knee scores. In our opinion, the latter finding suggests that the knee test has sufficient discriminative power to be used as a dependent variable in intervention studies. 
